We investigated one-dimensional arrays with up to 600 step-edge Josephson junctions (SEJ) fabricated by pulsed laser deposition of YBa2Cu307 (YBCO) films on steep steps in epitaxial LaA103 substrates. The steps were prepared by Ar-ion milling and the YBCO thin films were patterned either by Ar-ion milling or by an inhibit process. The current-voltage (1-y) characteristics and the Josephson emission of a single SET show that it consists of two resistively shunted-junction-type (RSJ) weak links in series which have different critical currents, 1,-i and Pa The 1-Y characteristics of our arrays were also close to the RSJ-model. The number of series-connected weak links deduced from the I-V curves was usually higher than the number of steps. Histograms of the individual weak link Its showed two peaks at Icl and I,. The Ic spread was about *20% to +40% of these two values. Radiation from arrays was detected and an evidence of phase locking in Josephson junction clusters obtained.
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It has been shown that microbridges patterned from epitaxial YBazC!us07 (YBCO) films, which were deposited across steep steps in SrTiO, and LaAlO, substrates, are functioning as Josephson junctions."' The static currentvoltage (I-V) characteristics of such a step-edge junction (SEJ) indicate that it consists of two weak links in series, consistent with the existence of two grain boundaries located at the lower and upper edge of a stepa The I-V characteristics of a single weak link are close to the resistively shunted junction (RSJ) model up to 85 K.
Step-edge junctions have thus far been used in rf and dc superconducting quantum interference devices (SQUIDS) .4*5 However, the performance of step-edge junctions is sufficiently high for a study of many other types of devices which have been previously investigated using thin films of low temperature superconductors (LTS) . One interesting application are Josephson junction arrays used as tunable microwave oscillators. Considerable theoretical and experimental research has been done on LTS series array oscillators6p7 and investigations of two-dimensional arrays were also reported recently.* We report here on the electrical properties of onedimensional (series) step-edge YBCO Josephson junction arrays. The motivation of our work was to determine the spread of critical currents in the junctions and to detect Josephson radiation from the arrays. We also present some single SEJ data as a background reference.
Single SEJs and arrays were fabricated from pulsedlaser deposited YBCO films on 10~ 10.mm2 LaA103 substrates. We used the fabrication process analogous to that developed for single SEJs and based on Ar-ion milling of YBCO films2 We also used an inhibit process' to avoid degradation of the SEJ during the Ar-ion milling and the standard photolithographic processing. The steep steps in the LaA103 substrates were fabricated by Ar-ion milling through photolithographic Nb masks. The step height was typically 300 nm while the thickness of the YBCO films was 200 nm. The SEJs were obtained by patterning 2-and 5-,um-wide microbridges positioned across the steps. After the fabrication process, the devices were annealed in an oxygen microwave plasma to increase the critical currents. The ohmic contacts to the arrays were made by ultrasonic bonding of Al wires on the Au contact pads which were evaporated on the YBCO film and lift-off patterned. Prior to the evaporation, the surface of the YBCO film was ion milled for some tens of seconds to obtain a satisfactory adhesion of the Au film. This removed the degraded film surface. The critical temperatures of the lilm and the SEJs were 90 and 85 K, respectively. The critical current density of the YBCO films without the SEJs was about 3-5x lo6 A/cm2 at 77 K.
The measurements of the I-V characteristics were performed with a low noise differential preamplifier connected to an I-V measurement system which contains an analog sweep generator controlling a current source and postamplifiers with active filters. The first derivative versus current was measured using a lock-in amplifier. The bias current and the voltage signal lines were filtered to avoid feeding the high frequency spurious signals to the arrays. The output signals were fed into a computer via an A/D converter.
Josephson emission into open space was measured at a frequency of 11-13 GHz. For the emission experiments the sample was mounted inside a horn at the end of an X-band waveguide. The signal was preamplified and mixed down with a local oscillator operating at 10-11 GHi. The intermediate frequency signal was monitored by a tuned vhf receiver at a fixed frequency and variable bias voltage. The bandwidth of the receiver was either 3 or 30 MHz.
The 1-V characteristics of SEJs were shown and discussed in Ref. 3. The hrst derivative aV/al (I) shows two peaks. The first peak corresponds to the usual transition to the resistive state of a weak link above its critical current I,,. The second, corresponding to a higher critical current value, I, is attributed to a second weak link switching to the resistive state. SET biased well below the second critical current is close to the RSJ model. It was found that the I-V characteristics of SEJs with a width larger than the Josephson penetration depth exhibit a larger excess current than those of a narrow junction.3 The I,(H) characteristics determined for the two critical currents suggest that each of the two weak liis in the SEJ can be represented by some parallel filamentary current paths.
We have studied the Josephson emission of single SRJs. That study will be reported separately." From that work, we reproduce data of Fig. 1 which show the I-V characteristic of a junction and the corresponding dependence of the emitted power spectral density dP/df vs bias voltage at 12.7 GHz and 63 K. The power density shows two peaks at bias voltages correlated with the two critical currents, Ici and Ia The bias voltage of the llrst emission peak corresponds, exactly, to the Josephson relation V= (h/2e)f. The bias voltage at the second emission peak is correlated with the voltage where IcL and a change in the normal resistance of the SEJ occur. An arrow in the I-V curve of Fig. 1 indicates this voltage drop on the already resistive first weak link. Subtracting it from the voltage of the second emission peak also gives a bias value expected from the Josephson voltage-frequency relation. The width of each emission peak is directly proportional to the Josephson emission linewidth, Af: The asymmetry of both cures of Fig. 1 is caused by the flux trapped in the junction. The second emission peak shows unambiguously that a SET consists of a series connection of two weak links formed, presumably, at the upper and lower grain boundary present at steep steps in epitaxial substrates. After correcting for the load resistivity, the larger linewidth Af of the second peak is consistent with the larger differential resistance Rd, according to the theoretical prediction:
Af cc Ri. A detailed study of the SEJ linewidth determined by indirect and direct measurements is presented separately.tal ' Using series arrays containing up to 600 step-edge junctions, we have studied the spread of the critical currents of the SF&. The dimensions of the largest, 600 SEJ array were 150~600 pm2 with a 5 ym distance between the adjacent SEJs. The IcRN product of this array was found to be 450 mV with a normal resistance of 380 a. The normal resistance of this and all other characterized arrays was determined by suppressing the critical current with microwave radiation. Most of the measured arrays were superconducting up to 81 K. We have determined the distribution function of the critical currents in the arrays by measuring the first derivative, cYV/al vs I. In Fig. 2 , we show the W/al(I) characteristic of a series array of 10 SETS at 4.2 K. Data for such a short array are chosen for the clarity of presentation. Each of the multiple peaks seen in the characteristic corresponds to a critical current of at least one weak link. Peaks corresponding to identical and very similar I& are superposed so that a high current resolution is essential in these measurements. Insert in Fig.  2 shows the data over a narrower current range where additional peaks are resolved which cannot be seen in the curve covering a wider current range. The total number of resolved peaks exceed that of steps, consistent with the existence of two weak links at each step, i.e., in each SEJ. For large currents, not shown in Fig. 2 , the average differential resistance reaches a maximum and then turns to lower values which is expected for a RSJ-like behavior. We have determined histograms of critical currents in five larger arrays, consisting of 30 or 100 SF& each by counting the number of weak links switching into the resistive state in narrow bias current ranges. A representative example of an array of 30 SEJs is shown in Fig. 3 . The distribution functions at 4.2 and 77 K exhibit two peaks at Ici ( T) and In( T). The critical current is normalized to the value at the minimum between the two peaks, 1minc4. ever, an alternative explanation has emerged from current, unpublished, low-temperature scanning electron microscopy measurements of spatial Ic d&tributionr3 in our parallel arrays which are not discussed here. Identified were two I, ranges attributed to two groups of SEJs located on opposite steps in the substrate. Such a spatial distribution could result from the atomic flux anisotropy during the film deposition. We don't know yet which explanation applies to the series-arrays discussed here.
Typically, the SEJs on LaAlO, substrates are highly damped, i.e., the McCumber parameter & is small. Using the RSJ model, we simulated an I-V curve of a series connection of 100 SET at 4.2 K by assuming PC=0 and either a one-or two-peak Gaussian distribution function of the critical currents. The critical currents I,,, Ic2, the average junction resistance and the halfwidth spreads were used as variable fitting parameters permitting to fit the simulation to the experimental I-Y characteristic of a 100 SEJs array having a total resistance of 75 a. A one-peak distribution did not permit a reasonable fit. In contrast, a two-peak function yielded an excellent fit.
We could detect Josephson emission in all characterized arrays. Figure 4 shows the I-V characteristic and the detected microwave power spectral density of an array of 100 SEJs~ measured at 4.2 K. A major emission peak at a low bias and several smaller peaks at higher bias voltages can be seen. The I-V characteristic exhibits current upturns which cannot be explained by a model of series connected weak links. Such upturns are a typical signature of spontaneous phase locking of some of the weak linksI and they are clearly correlated with the occurrence of emission peaks. The maximum spectral power density in the openspace measurement without matching is not representative of the emitted power. However, it should be noted that the peak values in the arrays have been up to an order of magnitude higher than in single junctions, i.e., about 5-10 fW/MHz. In some arrays, sharp multiple emission peaks correlated with the single junctions critical currents were also observed. The emission from series arrays was observed over the temperature range between 4.2 and 77 K. In 10 X 10 two-dimensional arrays, which will be described separately, emission was detected up to 81 K. To summarize, we have fabricated series arrays of up to 600 step-edge YBCO junctions and determined distributions of their critical currents. The Ic histograms show two peaks with critical current distribution of =l=20% to =J=40% around each peak. Josephson emission has been detected and evidence of phase locking of junction clusters in the array obtained. The results suggest the feasibility of fully synchronized arrays of high-temperature junctions having one narrow Io distribution.
